Oxylipins, the oxidation products of unsaturated fatty acids (FA), are potent endogenous mediators being involved in regulation of various biological processes such as inflammation, pain and blood coagulation. Compared to oxylipins derived from arachidonic acid (AA) by cyclooxygenase action, i.e. prostanoides, only limited information is available about the endogenous levels of hydroxy-, epoxy-and dihydroxy-FA of linoleic acid (LA), AA, α-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in humans. Particularly, it is unknown how metabolic disorders affect endogenous oxylipin levels in humans. Therefore, in the present study we compared the serum concentrations of 44 oxylipins in 20 normolipidemic with 20 hyperlipidemic (total cholesterol > 200 mg/dl; LDL-C > 130 mg/dl; TG > 150 mg/ml) men (age 29-51 y). The serum concentration varied strongly among subjects. For most hydroxy-, epoxy-and dihydroxy-FA the concentration were comparable to those of plasma reported in earlier studies. Despite the significant change in blood lipid levels the hyperlipidemic group showed only minor differences in oxylipin levels. The hyperlipidemic subjects had a slightly higher serum concentration of 8,9-DiHETrE, 5-HEPE, 10,11-DiHDPE, and a lower concentration of 12,13-DiHOME, 12-HETE, 9,10-DiHODE, and 12,13-DiHODE compared to normolipidemic subjects. Overall the hydroxy-, epoxy-and dihydroxy-FA levels were not changed suggesting that mild combined hyperlipidemia has no apparent effect on the concentration of circulating oxylipins. By contrast, serum levels of several hydroxy-, epoxy-, and dihydroxy-FA are dependent on the individual status of the parent FA. Particularly, a strong correlation between the EPA content in the erythrocyte membrane and the serum concentration of EPA derived oxylipins was observed. Given that the synthesis of EPA from other n3-FA in humans is low, this suggests that oxylipin levels can be directly influenced by the diet.
INTRODUCTION
Omega-6 fatty acids (n-6 FA) such as linoleic acid (LA, C18:2) or arachidonic acid (AA, C20:4) and n-3 FA such as α-linolenic acid (ALA, C18:3), eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6) are essential polyunsaturated FA (PUFA). Humans lack the desaturases to synthesize LA and ALA de novo, while LA and AA as well as ALA, EPA and DHA can be transformed from one into another in a multistage enzymatic chain elongation and desaturation process [1, 2] . However, the conversion rate from ALA to EPA and especially to DHA is low (~ 1%), and thus the status of EPA and DHA relies largely on the dietary intake in man [1, 3, 4] . Numerous studies demonstrate that the intake of EPA and DHA with the diet is associated with various beneficial health effects [5] [6] [7] [8] .
The oxidation products of PUFA, so called oxylipins, are highly potent mediators [9, 10] . The formation and biology of AA derived oxylipins, i.e. eicosanoids, has been intensively studied during the past 40 years. Comparatively little attention has been paid to the analogous oxidation products of other n-6 PUFA and n-3 PUFA [11, 12] .
In mammals, oxylipins are formed via four major routes/pathways ( Figure 1 ): (i) Conversion by cyclooxygenases (COXs) yields instable endoperoxides which are further converted to several highly potent mediators such as prostaglandins, thromboxans and prostacylclin [10] .
(ii) Lipoxygenases form regio-and sterio-selective hydroperoxides, which serve as precursors for leukotrienes and hepoxylins and can be reduced to hydroxy-FA (HETE, HODE, HOTRrE, HEPE, HDoHE, Figure 1 ) [13] . (iii) Metabolism of PUFA by Cytochrom-P-450 monooxygenases (CYPs) leads to hydroxy-FA at ω and ω-1 position (CYP4 family) while family CYP2 dominantly forms epoxy-FA (EpOME, EpETrE, EpODE, EpETE, and EpDoPE) [9, 14, 15] . These highly potent mediators are chemically stable under physiological pH and stable to nucleophilic attack by glutathione. A major route of their degradation is the hydrolyzation to the corresponding dihydroxy-FA (DiHOME, DiHETrE, DiHODE, DiHETE, and DiHDPE, Figure 1 ) by the soluble epoxide hydrolase (sEH) [16, 17] . (iv) Non-enzymatic autoxidation of PUFA leads to hydroperoxy-FA, hydroxy-FA and PG like prostanoids [18, 19] . Despite a pronounced substrate, regio-and steriospecificity of the oxylipin generating enzymes, the product pattern of the four processes overlaps. For example, 15-HETE can not only be formed by reticulocyte and epidermis 15-LOX but also by COXs, CYPs and autoxidation [13, 14, 18, 20] . Also human LOX enzymes do not only accept AA as substrate. Via an intermediate hydroperoxide, 5-LOX conversion of EPA leads to 5-HEPE [21] . Similarly, platelet type 12-LOX can catalyse the formation of 12-HEPE from EPA [22] . Reticulocyte type 15-LOX conversion of LA leads to 13-HODE while EPA give rise to 15-HEPE [23, 24] . In an analogous manner it can be assumed that 13-HOTrE is a 15-LOX product of ALA.
Prostaglandins and leukotrienes derived from AA by COX and LOX and their biology are among the most investigated endogenous mediators, and more than half of the currently sold pharmaceutical drugs directly target one of these pathways [25] . The hydroxy-, epoxy-and dihydroxy-FA also show a pronounced biological activity on various regulatory pathways. For example 5-HETE and other hydroxy-FA play a key role in chemotaxis and degranulation of neutrophils [26, 27] , being more active than their n-3 PUFA analogs [28] .
For 5-HEPE an effect on the glucose-dependent insulin secretion is discussed [29] . 12-HETE mediates the function of many growth factors and thus seems to be a key factor in cancer metastasis [30] . In many studies the blood concentration of hydroxy-FA is used as marker for the activity of a LOX pathway, because they are more stable than the initially formed hydroperoxids and short lived potent mediators as leukotrienes (5-LOX) and hepoxylins (12-LOX). However, the overall biological role of many hydroxy-FA is not fully understood. By contrast, it is well accepted that epoxy-FA play an important role in the regulation of vascular and cardiac function, in particular by acting as vasodilators of human coronary arteries [31, 32] . Moreover, epoxy-FA act anti-inflammatory and analgesic in various animal models, while their corresponding dihydroxy-FA show low or no biological activity [17, 33] . Recently, it was shown that the dihydroxy-FA play an important role in hematopoiesis [34] , thus not only the epoxy-FA but the epoxide/diol ratio might be the important factor that governs the regulation of cellular functions.
Up to date, only little information about endogenous levels of hydroxy-, epoxy-and dihydroxy-PUFA in humans is available. Particularly, only few studies comprehensively examined n-3 and n-6 oxylipin profiles including hydroxy-, epoxy-, and dihydroxy-FA in human blood samples [11, 12, 35, 36] . Shearer et al. measured 46 LA, AA, ALA, EPA, and DHA derived oxylipins in plasma after saponification of healthy subjects (n=10) before and after four weeks of n-3 PUFA treatment [12] . Gomolka et al. focused on LOX products of AA, EPA, and DHA by measuring 29 oxylipins, mainly hydroxy-FA, in plasma from healthy subjects (n=5) [35] . Psychogios et al. reported levels of 76 oxylipins in human plasma of which 56 were above the limit of quantification for a large collection of 70 subjects [11] . These studies provide important information on the concentration range of these oxylipins in human blood. However, these studies only examined healthy subjects, which were not further physiologically characterized e.g. by their blood lipid levels.. In order to understand the physiological role of hydroxy-, epoxy-and dihydroxy-FA, knowledge about the endogenous levels in humans and their regulation in response to disease is indispensable. For example, a recent study comprehensively monitoring more than 100 oxylipins could show significant increased plasma 5-HETE and 12-HETE levels as well as their analogous EPA metabolites 5-HEPE and 12-HEPE following heart ischemia during cardiac surgery. Despite the small sample size of only five patients, it could be shown that these LOX metabolites potentially associated with the resolution phase of inflammation were elevated, whereas no changes were observed in the prostaglandin and leukotriene levels [36] . Aside from such severe medical conditions, metabolic disorders may impact the endogenous oxylipin patterns. In the rat model of type-1 diabetes as well as obesity-induced hypertriglyceridemia, significant changes in the oxylipin pattern were observed, which may contribute to the pathophysiological states [37, 38] . Hypertriglyceridemia and Hypercholesterolemia (Hyperlipidemia) are common risk factors for cardiovascular diseases [39] and associated with other metabolic disorders such as the metabolic syndrome [40] . No data are available on if and how hyperlipidemia effect endogenous oxylipin levels in humans. An altered oxylipin pattern could have strong effects on the physiology and thus for example on the development of cardiovascular diseases. In order to investigate the impact of combined hyperlipidemia on oxylipin levels, we compared patterns of 45 free (and noncovalently bound) hydroxy-, epoxy-, and dihydroxy-FA in serum samples of normo-and hyperlipidemic men. Moreover, the data was correlated to the individual status of the five parent PUFA (LA, AA, ALA, EPA, and DHA) to normalize for interindividual varying diets and a potentially changed metabolism of PUFA in the different groups of subjects.
EXPERIMENTAL PROCEDURES
This investigator initiated study was designed and conducted according to the principles of the Good Clinical Practice Guidelines laid down in the Declaration of Helsinki. The study was approved by the Freiburger ethic committee (Freiburg, Germany). All included subjects gave their written informed consent to take part in the study.
Subjects and design
The recruitment of subjects was performed by advertisements in Hannover, Germany. One hundred and six subjects were pre-selected via telephone interviews according to the following exclusion criteria: female; body-mass-index > 35; smoker; intake of any corticosteroids, lipid-lowering or anti-inflammatory drugs; diagnosed chronic, cardiovascular or liver diseases; gastrointestinal disorders; blood coagulation disorders and intake of coagulation-inhibiting drugs; renal failure; periodic intake of laxatives; ingestion of supplements enriched with n-3 PUFA, phytosterols, polyglucosamines, other lipid-binding ingredients. The pre-selected subjects were invited for a screening examination to collect fasting blood and determine serum lipid levels. Among these subjects, twenty men with mild combined hyperlipidemia (threshold value: total cholesterol TC > 200 mg/dl; LDL > 130 mg/dl; TG > 150 mg/ml [41] ) and twenty normolipidemic men (TC < 200 mg/dl; LDL < 130 mg/dl; TG < 150 mg/dl) were chosen ( Table 1 ). The recruitment of the study population and selection of the subjects is shown in Figure 2 in more detail. The hyperlipidemic group and the normolipidemic group showed no significant differences in age, height and weight. However, the hyperlipidemic group had a slightly higher mean BMI (p=0.034).
Sample collection and analysis of clinical parameters
Blood samples were collected in the morning between 6:00 and 9:30 a.m. after overnight fasting. The samples were obtained by venipuncture of an arm vein into 10 ml BD Vacutainer Blood Collection Tubes (article no.: 367896, Becton Dickinson, Heidelberg, Germany) containing silicate particles as clot activators. After 30 min incubation at room temperature, tubes were centrifuged for 10 min at 2000 × g and serum was transferred into 15 mL falcon tubes (Becton Dickinson) and immediately frozen and stored at −80°C upon extraction and LC-MS analysis. Other sets of blood samples collected simultaneously were sent to external laboratories for the measurement of clinical parameters (Table 1) . Serum lipid levels were determined LADR laboratory, Hannover; Germany. Erythrocyte membrane PUFA composition was determined in EDTA stabilized whole blood at Omegametrix, Martinsried, Germany as previously described [42] .
Analysis of oxylipins
Analysis of oxylipin levels in serum was carried out by liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) as described [25, 37, 43] . Tthe serum samples (950 μL) were spiked with 20 μL internal standard solution containing 50 nM of 2 H 11 -14,15-DiHETrE, 2 H 4 -9-HODE, 2 H 8 -5-HETE, 2 H 11 -11(12)-EpETrE in MeOH. This was followed by addition of antioxidants (10 μL of a 0.2 mg/mL solution of butylated hydroxytoluene and EDTA). In order to extract the free oxylipins in serum, solid phase extraction (SPE) without subsequent protein precipitation was performed. It should be noted that this procedure may also co-extracted oxylipins which are non-covalently bound to proteins. In brief, SPE was carried out as follows: Cartridges (60 mg waters Oasis-HLB, Waters, Milford, MA) were cleaned with one column volume of ethyl acetate (EA) and one of methanol (MeOH). After the serum samples were loaded on preconditioned SPE columns, the columns were washed with two column volumes of 5/95 ACN/water acidified with 0.1% acetic acid. After drying the SPE column applying low vacuum (0.2 bar), the analytes were eluted with 500 μL of MeOH and 1500 μL of EA. The eluted samples were evaporated to dryness and reconstituted in 50 μl of methanol containing 100 nM 1-cyclohexyluriedo-3-dodecanoic acid for the calculation of IS recovery. The resulting extract was filtered using Ultrafree-MC-VV polyvinylidene fluoride filter (pore-size 0.1 μM; Millipore, Bedford, MA), transferred in amber glass vials with insert (Waters) and directly analyzed by LC-ESI-MS/MS. Separation was carried out in 21 minutes on a Agilent 1200 SL LC system (Palo Alto,CA), utilizing a Agilent Zorbax Eclipse Plus C18-reversed phase column (dimensions 2.1 × 150 mm, particle size 1.7 μm) using a gradient of 0.1% acetic acid as solvent A and 80/15/0.1 acetonitrile/methanol/acetic acid as solvent B. The detection was carried out on a 4000 QTRAP instrument (Applied Biosystems, Foster City, CA) operating in negative ion mode. The oxylipins were monitored in so called "scheduled multiple reaction monitoring" mode with a detection window of 90 sec for each compound around the expected retention time and a maximal cycle time of 0.6 sec. Recovery rates of the IS in serum samples were 80±10 % for 2 H 11 -14,15-DiHETrE, for 2 H 4 -9-HODE 70±10%, 70±10% 2 H 8 -5-HETE and 60±10% for 2 H 11 -11(12)-EpETrE and in the same range as previously described [11, 25, 36] . The monitored oxylipins, their transitions and quantification limits are presented the supplementary material (SI , Table S1 ). Only oxylipins which exceeded the limit of quantification in ≥ 95% of the serum samples were used for data analysis.
Data analysis and statistics
Results for anthropometrical measures, lipid levels as well as erythrocyte membrane PUFA levels are presented as mean ± SD. Serum oxylipin levels are presented as mean ± SE. The influence of the PUFA status on oxylipin levels was investigated by subdividing study participants into two groups with low and high PUFA status. For this purpose, the total study population was divided into tertiles based on PUFA levels in erythrocyte membranes and in the following analysis, groups with low and high PUFA status were compared. Ratios between epoxides/diols as well as between LOX products were calculated on individual level and results are shown as mean ± SD. The sample sets were analyzed for their distribution by the Kolmogorov-Smirnov test. A two tailed t-test for independent samples was used to reveal significant differences between normal distributed groups. In cases of skewed distribution, the Mann-Whitney U test was used. Statistical significance was generally accepted at p≤0.05. Correlation analysis of the normally distributed variables was carried out by the Pearson method. Correlation between the variables was accepted with a correlation coefficient of ≥ 0.5 or ≤ −0.5 and p≤0.05. All statistical analyses were carried out with SPSS software (Version 20, SPSS Inc., Chicago IL, USA).
RESULTS
Among 48 oxylipins measured, 44 hydroxy-, epoxy-and dihydroxy-FA could be detected and quantified in more than 95% of the human serum samples ( Table 2, SI Table S1 ). All oxylipins varied considerably between subjects. The measured concentrations for the analytes ranged over about three orders of magnitude from 50 pM for 11,12-DiHETE to 16 nM for 12-HETE. The concentrations of other hydroxy-FA, ranged from 100 pM to 8 nM. Among these analytes, the metabolites of LA dominated and the concentrations decreased in the order of LA > AA > EPA ≥ ALA. The epoxy-FA were found in a similar concentration range of 200 pM to 6.5 nM. Depending on the parent PUFA, the epoxides were found in the order LA > ALA > AA > DHA > EPA, similar to the dihydroxy-FA levels, which were detected in a concentration range of 50 pM to 11 nM. All LA metabolites were found at a similar concentration of 3 to 8 nM, whereas the levels of hydroxy-, epoxy-, and dihydroxy-FA derived from the other PUFA greatly varied (Table 2) . Aside from the dominating metabolite 12-HETE, the epoxy-FA 11(12)-EpETrE and 14(15)-EpETrE and 5-HETE were the major serum AA derived oxylipins with concentrations of about 1.5 nM. By contrast, the dihydroxy-FA 15,16-DiHODE was the major ALA derived metabolite (11 nM), followed by its corresponding epoxide 15(16)-EpHODE (4 nM). Similarly, the epoxy-/dihydroxy-FA metabolites at position n-3 were the major detected oxylipins derived from EPA and DHA. For all three n-3 PUFA, the dihydroxy-FA at position n-3 was found at higher concentration than its corresponding epoxide, whereas the epoxide/diol ratio for all other oxylipins was higher than one (Table 3) .
Comparison of serum oxylipin levels between normo-and hyperlipidemic subjects
The differences in serum oxylipin levels derived from LA, AA, ALA, EPA and DHA between the normo-and hyperlipidemic group were minor (Table 2) . Generally, a trend towards lower levels of hydroxy-FA in the hyperlipidemic group was observed, being significant only for 12-HETE (Table 2) . On the contrary, the 5-HEPE concentration was significantly elevated compared to the normolipidemic group. For all epoxy-FA a trend to higher levels were found in the hyperlipidemic group, while the levels of the corresponding diols differed dependent on the parent FA. The levels of the LA and ALA derived dihydroxy-FA 12,13-DiHOME, 9,10-DiHODE and 12,13-DiHODE were significantly lower, whereas the concentration of all hydroxy-FA derived from AA, EPA, and DHA were higher in the hyperlipidemic group (significant for 8,9-DiHETrE and 10,11-DiHDPE). When comparing the epoxide/diol ratio on the individual level, no significant differences, expect for the ALA derived oxylipins were observed (Table 3) . However, compared to the normolipidemic group, hyperlipidemic men showed a trend to higher epoxide/diol ratios for all monitored oxylipins, except for 10(11)-EpDPE:10,11-DiHDPE and 8(9)-EpETrE:8,9-DiHETrE.
Post-hoc tests for equivalence between the oxylipin pattern of normo-and hyperlipidemic men were carried out by evaluating the 90% confidence intervals (CI) of the mean serum oxylipin level differences of normo-and hyperlipidemic groups from mean levels of the total study population. Only levels of 11,12-DiHETrE and 14,15-DiHETrE were considered as statistically equivalent since the upper and lower CI of the mean differences were within a tolerable variance of ± 20% (SI , Table S2 ).
Other covariates such as BMI or TG/HDL ratio, a surrogate marker for insulin resistance [44] , were checked to possibly influence oxylipin levels. Men with a high BMI (>28) compared to the group with a low BMI (<25) showed no significant differences in the oxylipin pattern. Similarly, no consistent shifts in the oxylipin pattern were found when comparing groups with high and low (> 3.5; <2.2) TG/HDL ratio (SI Figure S2-3) .
Correlation of serum oxylipins to their parent PUFA
Levels of free and non-covalently bound oxylipins in serum were compared with the relative PUFA composition in erythrocyte membranes, a robust measure for the PUFA status of an individual [42] . In erythrocyte membranes, the n-6 PUFA LA and AA dominated followed by the n-3 PUFA DHA, EPA and ALA (Table 1) , which strongly varied among the subjects (e.g. RSD of EPA 40%). No significant differences in the PUFA composition of erythrocyte membranes were observed for LA, EPA and DHA levels, whereas in hyperlipidemic men AA levels were 7% lower and ALA levels were 38% higher compared to the normolipidemic group (Table 1) .
In order to investigate how parent PUFA level affects the formation of their corresponding oxylipins, the total study population was divided into two groups based on a high and low percentage of each PUFA in the erythrocyte membranes. As shown in Figure 3 , the serum oxylipin levels were consistently higher with a higher status of their precursor PUFA. However, for the high vs. the low LA, AA, ALA, and DHA status groups, a significant difference was only observed for 12-HETE, 15-HETE and 15(16)-EpODE (Figure 3) . By contrast, all EPA derived oxylipins were significantly higher in the high EPA status group compared to the low EPA status group, except for 12-HEPE. For 5-HEPE, 15-HEPE, 11,12-DiHETE and 14,15-DiHETE a significant correlation (r ≥ 0.5) of the EPA status and the oxylipin concentration was found for the total study population (Table 4) . Additionally, a positive correlation between ALA levels in erythrocyte membranes and the ALA derived oxylipins 9-HOTrE, 13-HOTrE, 15(16)-EpODE, 9,10-DiHODE, 12,13-DiHODE and 15,16-DiHODE was observed in the hyperlipidemic group (Table 4) . No correlation, neither in the total study population, nor in the normolipidemic collective, was found for other parent PUFA (LA, AA, ALA and DHA) and their corresponding oxylipins. Similarly, no significant changes in the AA oxylipin levels between the groups with high and low ALA, EPA and DHA were observed (SI Figure S1 ).
The ratios of AA derived HETE to the corresponding hydroxy-FA of other PUFA were correlated with the status of the precursor PUFA to evaluate changes in the LOX product pattern. For 12-LOX, the ratio of 12-HETE to 12-HEPE was compared between the group with high EPA vs. low EPA levels (Figure 4 ). For 5-LOX, the ratio of 5-HETE to 5-HEPE was used. Finally for 15-LOX, the ratio of 15-HETE to 13-HODE, 13-HOTrE and 15-HEPE were compared to the status of LA, ALA and EPA, respectively. For all PUFA and all LOX pathways, the ratios were significantly decreased in the high PUFA groups, except for 15-HETE:15-HEPE (Figure 4) . The ratio between 5-HETE:5-HEPE and 12-HETE:12-HEPE negatively correlated with the relative erythrocyte membrane EPA content in the total population as well as in the normo-and hyperlipidemic groups (SI Table S3 ). Additionally, a correlation in the ratio of 15-HETE:13-HOTrE, a potential 15-LOX product of ALA, was observed in the normo-and hyperlipidemic group. Compared to the normolipidemic group, the hyperlipidemic group showed a trend towards lower HETE:hydroxy-PUFA ratios (SI Table S4 ). With a significant lower ratio of 5-HETE:5-HEPE, 12-HETE:12-HEPE and 15-HETE:15-HEPE, the product ratios of all LOX pathways were changed towards the EPA product.
DISCUSSION
While prostanoids and leukotrienes are well characterized, little information is available on the endogenous levels and biological roles of n-6 and n-3 PUFA derived hydroxy-, epoxy-, and dihydroxy-FA in humans. Several studies demonstrate that these oxylipins act as potent modulators of biological processes with opposing effects on inflammation and other biological functions. Thus, knowledge about their endogenous levels in human blood and changes in different physiological and pathophysiological states is of pivotal importance in biology and medicine.
In this study, we present quantitative data on 44 oxylipin serum levels from a cohort of 40 subjects, which had normal and elevated serum triglyceride and cholesterol levels. We found that oxylipin concentrations varied strongly among subjects, consistent with all previous studies monitoring oxylipins in human blood samples [11, 12, 25, 36] . The observed concentration of hydroxy-, epoxy-and dihydroxy-FA in serum were well in line with previously described levels of these oxylipins in plasma [11] . The oxylipin concentration in plasma can be strongly effected by the anticoagulant used [45] . Serum is a standard matrix which is used for the analysis of many biochemical parameters in blood and can be obtained in highly reproducible quality. The deviation between the mean of concentration in 40 human serum samples analyzed in this study compared to 70 plasma samples reported by Psychogios [11] was lower than 50% and within the standard deviations for 17 out of 33 oxylipins (SI Table S5 ). Giordano et al. described in the plasma of subjects (n=14) almost the same concentration (deviation ≤ 3%) of the three AA derived dihydroxy-FA as found in serum [46] , while their reported EpETrE levels in plasma were 2-7 fold lower than the observed levels in serum as well as in plasma described by Psychologios et al. [11] . Comparing the human plasma levels of five oxylipins measured by Gomolka et al, 15-HETE, 12-HEPE were found almost at the same concentration (800 pM and 380 pM), whereas the concentrations of 5-HETE and 5-HEPE were 3-5 fold lower as in our study. The human plasma oxylipin levels, observed in subjects (n=5) shortly before cardiac surgery, reported by Strassburg et al., were overall 2-5 times higher than concentrations obtained in serum [36] . For example, the mean concentration in plasma of 5-HEPE was found to be around 1 nM, compared to our serum analysis (0.3 nM), and the plasma analyses of Gomolka (0.06 nM) and Psychologios (0.2 nM) [11, 35, 36] . The comparison of oxylipin levels to earlier studies demonstrates that the levels of most hydroxy-, epoxy-, and dihydroxy-FA in serum are comparable to those of plasma samples and the deviation between serum and plasma levels is for most analytes not higher than those from two independent plasma analyses. Nevertheless, a dramatic formation of COX-1 metabolites, particularly thromboxanes, has to be taken into account when analyzing serum because of the blood coagulation process involving the platelet activation and degranulation [11] . Similarly, we found markedly higher 12-HETE levels of 16±3 nM in serum compared to 2-4 nM described in plasma [11, 36] , probably caused by platelet 12-LOX activated by blood coagulation.
As expected, the serum levels of hydroxy-, epoxy-and dihydroxy-FA were considerably lower, compared to plasma levels after liberation of ester-bound oxylipins. Shearer et al. reported plasma levels of oxylipins after saponification for a group of subjects (n=10) before and after treatment with n-3 PUFA covering the same set of hydroxy-, epoxy-and dihydroxy-FA [12] . A comparison of the plasma levels before n-3 PUFA treatment unveiled that the difference between the serum levels and the sum of free and liberated ester bound oxylipins in plasma, reported by Shearer et al., are strongly dependent on the oxylipin (SI Table 4 ). For example, the autoxidation product of AA, 9-HETE, is found at about 200 fold higher concentration after saponification indicating that this metabolite is predominantly esterified in plasma, and/or formed during saponification. By contrast, the (free) serum levels of PUFA dihydroxylated at position n-6 and n-3 (12,13-DiHOME, 14,15-DiHETrE, 15,16-DiHODE, 19,20-DiHDPE) were observed in the same range as in plasma after saponification. This indicates that these more polar compounds predominantly circulate as free oxylipins. The corresponding epoxides, as well as their constitution isomers (e.g. 9,10-DiHOME, 8,9-DiHETrE) seems to be predominantly esterified to more than 90% with a 10 fold higher concentration found in plasma after conjugate cleavage (SI Table 4 ). This is consistent with the observation that the epoxide/diol ratios of the serum levels of n-3-epoxy-FA are < 1, while being on the side of the epoxides for the n-6 and n-9 and all other epoxy-FA (Table 3 ). The n-3 epoxy-FA are hydrolyzed by sEH at low or medium rate compared to their regioisomers [17] . Thus, the observed differences in the epoxide/diol ratios within the regioisomers of the n-3 FA can not be explained by differences in their degradation and may be caused by differences in their esterification. Oxylipin specific esterification seems to be a key factor in the regulation of the serum concentration of hydroxy-, epoxy-and hydroxy-FA, which warrants further research. Strong differences in the levels of the different regioisomers of the epoxy-FA and corresponding dihydroxy-FA of each PUFA were observed. Particularly, it is striking that for ALA, EPA, and DHA the n-3 epoxy-FA 15(16)-EpODE, 17(18)-EpETE and 19(20)-EpDPE and their corresponding dihydroxy-FA are present in serum in much higher levels than their n-6 and n-9 analogs. By contrast, the AA is almost equally epoxizdized at the n-6 and n-9 position (Table 2 ). This observation is consistent with the product specificity of the CYP2J and CYP2C enzymes [9, 47] , indicating that these are the CYP families which form the epoxy-FA present in serum.
Correlation of serum oxylipins to their parent PUFA
The overall serum concentration of the different PUFA oxylipins decreased in the order LA > AA = ALA ≥ DHA > EPA and correlates well with the abundance of the PUFA in the human organism (Table 1, 2) . Subjects with a high PUFA status, determined as percentage of the PUFA in the erythrocyte membrane, show a trend to higher serum levels of hydroxy-, epoxy-, dihydroxy-FA derived from this PUFA (Figure 3) . Hence, it can be concluded as a first approximation that the endogenous formation of these oxylipins is primarily dependent on the availability of the substrate. However, no significant correlation between either LA or AA status and deriving oxylipin serum levels could be observed, except for 15-and 12-HETE (Figure 3) . Similarly, high endogenous levels of DHA did not lead to significantly higher levels of its epoxy-and dihydroxy-metabolites (Figure 3) . Thus, for these three abundant PUFA, substrate availability seems to be only of moderate importance in the regulation of oxylipin formation.
By contrast, the formation of EPA derived oxylipins seems to be strongly dependent on the availability of the substrate. Subjects with a high EPA status showed significant higher levels of all EPA derived oxylipins except for 12-HEPE, which varied strongly among the subjects (Figure 3) . Given that the synthesis rate of EPA from ALA in humans is very low (Brenna 2009 Chambaz 1985 , the EPA status largely relies on the diet. Numerous nutritional intervention studies have shown that EPA levels in plasma and erythrocyte membranes increase substantially by supplementation with EPA-and DHA-rich fish oils (Neubronner 2011, Köhler 2010; Vidgren 1997; Cao 2006). Taken together, one can conclude that the EPA oxylipin levels are directly affected by the diet. This hypothesis warrants further investigation particularly because several EPA oxylipins are highly active lipid mediators, e.g. the resolving anti-inflammatory resolvins of the E series [48] . Shearer et al. already demonstrated that treating healthy subjects (n=10) with n-3 PUFA ethyl esters (4 g/day for 4 weeks) significantly increased the plasma levels of several esterified and free EPA derived oxylipins (5-, 12-, and 15-HEPE, 14(15)-, and 17(18)-EpETE; 14,15-, and 17,18-DiHETE) [12] . Moreover, Keenan et al showed that the response of subjects on n-3-PUFA treatment depends on the basal n-3 PUFA status [49] . However, no data about the influence of fish oil supplementation or other dietary interventions on the free oxylipin levels in blood (plasma or serum) have been reported so far.
The beneficial health effects of long chain n-3 PUFA are believed to be partly mediated by a replacement of AA at the active side of LOXs and COXs, thus reducing the eicosanoid formation. In our study, we did not observe any significant differences in the AA oxylipins between subjects with a high and a low status of long chain n-3 PUFA (SI Figure S1) . However, when regarding the ratio of LOX products of different PUFA based on the hydroxy-FA as pathway markers, significant changes were observed depending on the PUFA status of the subjects. A significant lower ratio of HETE and the corresponding hydroxy-PUFA product of 5-LOX, 12-LOX and 15-LOX was observed in subjects with a high status of LA, ALA, and EPA (Figure 4 , SI, Figure S3) . Particularly, the negative correlation of the HETE/HEPE ratio with the EPA status (SI Table S3 ) shows that the LOX product patterns are significantly influenced by the availability of substrate and thus could be modified with the diet. However, it should be noted that we observed LOX activity solely on the hydroxy-FA, being a product of the initially formed hydroperoxide. The latter can be converted to different oxylipins aside from a reduction to the hydroxy-FA. In order to evaluate the alteration of the LOX product pattern, a larger oxylipin pattern including leukotrienes should be investigated in the future.
Comparison of oxylipin levels between normo-and hyperlipidemic groups
Similar to all previous studies which monitored oxylipins in plasma [11, 12, 36] , the serum oxylipin levels, varied considerably among the human subjects. Aside from varying PUFA intake via the diet, differences in lipid metabolism, such as hyperlipidemia, could be an underlying cause for this variation. However, when analyzing the oxylipin levels dependent on the triglyceride and cholesterol status, the same variation of hydroxy-, epoxy-and dihydroxy-FA was observed within the normolipidemic and hyperlipidemic group. Only levels of six oxylipins were significantly different between the groups, slightly exceeding the theoretical number of three incorrectly identified differences (false discovery rate of about 60 variables and an alpha error of 5%). Significant differences were observed for 12-HETE, 5-HEPE and four dihydroxy-FA of different PUFA (Table 2 ). Since the major portion of 12-HETE is probably formed during serum preparation by platelet 12-LOX, the difference is most likely caused by differences in the blood coagulation between the groups and does not reflect an altered formation in vivo. The major route of dihydroxy-FA formation is the hydrolysis of epoxy-FA by sEH (Figure 1) . In order to analyze the altered levels of dihydroxy-FA, levels were therefore compared to those of the corresponding epoxy-FA. For all epoxy-/dihydroxy-FA of the different PUFA, except for 8(9)-EpETrE, a trend to higher epoxide/diol ratio in the hyperlipidemic group was observed (Table 3) . A high epoxide/diol correlates with anti-inflammatory, vasodilatory and analgesic effects, caused by inhibition of sEH using sEH inhibitors (sEHi) [50] . However, for most of the epoxide/diol ratios of the different PUFAs the slightly higher epoxide/diol ratios in the hyperlipidemic group were based on higher epoxy-FA levels and thus do not imply an altered sEH activity in hyperlipidemic men (Table 1) .
Interestingly, the strongest difference observed in hyperlipidemic men, was the increased ALA status (Table 1) . Taking the influence of PUFA status on the oxylipin formation into account, it is no surprise that this was accompanied by changes in the ALA derived oxylipins levels. Interestingly, lower levels of 9(10)-DiHODE and 12,13(DiHODE) were found, leading to a significant increase in the epoxide/diol ratio for these oxylipins in the hyperlipidemic group (Table 1, 2) . Moreover, the hyperlipidemic group also showed a significant correlation between ALA status and ALA derived oxylipins (Table 4) , whereas no such correlation was found in the normolipidemic group. However, it seems unlikely that the observed changes in oxylipin metabolism are correlated to hyperlipidemia. Rather these changes seem to be caused by the elevated ALA status of the hyperlipidemic subjects, being a confounding factor of the investigated collective of subjects. Similarly, the decreased HETE/HEPE ratios in the hyperlipidemic group are rather correlated with a significant decreased ALA/EPA ratio, than caused by elevated blood lipid levels.
Conclusion
The analysis of serum samples for 44 oxylipins unveiled no apparent differences between normo-and hyperlipidemic subjects. Despite altered blood lipid levels, only very minor or no changes in the serum concentration of hydroxy-, epoxy-and dihydroxy-FA were observed. This indicates that the formation and degradation of this class of lipid metabolites are under tight endogenous control, which is not significantly altered by mild metabolic diseases. However, the interindividual variance in the serum oxylipin concentration was high, which might mask effects of hyperlipidemia on blood oxylipin levels. In the whole collective of subjects, we observed a strong correlation between the EPA content in the erythrocyte membrane and the serum concentration of EPA derived hydroxy-, epoxy-, and dihydroxy-FA. Given that the synthesis of EPA from ALA in the human is low, this suggests, that oxylipin levels can be directly influenced by the diet. Flow chart of recruitment of the human subjects. Dependence of serum oxylipin levels on parent fatty acid status. Oxylipin levels derived from A) linoleic acid (LA, 18:2 n-6), B) arachidonic acid (AA, 20:4 n-6), C) alpha-linolenic acid (ALA, 18:3 n-3), D) eicosapentaenoic acid (EPA, 20:5 n-3) and E) docosahexaenoic acid (DHA, 22:6 n-3) were compared in tertiles of the whole study population with low and high PUFA percentage in erythrocyte membranes. All results are shown as the mean ± SE. Significant differences were determined by independent sample t-test for normal distributed variables. 1 Mann-Whitney U test was used for skewed distributed variables. Serum hydroxy fatty acid ratios depending on parent fatty acid status. Ratios between 5-lipoxygenase (5-LOX) products (A: 5-HETE:5-HEPE), 12-LOX products (B: 12-HETE:12-HEPE), and 15-LOX products (C: 15-HETE:15-HEPE; 15-HETE:13-HODE; 15-HETE:13-HOTrE) were compared between tertiles of the total study population with low and high PUFA status. All results are shown as the mean ± SE of group measurement. Significant differences in group means were determined by independent sample t-test. Table 1 Description of the study population. All variables were normally distributed. 1 Significant differences in group means were determined by independent sample t-test. Table 2 Serum concentration of free oxylipins in total study population and normo-vs. hyperlipidemic groups. All variables were normally distributed except for 8-HETE, 9-HETE and 12-HETE. 1 Significant differences in group means were determined by independent sample t-test or Table 3 Serum Epoxide/Diol ratios. The serum concentration of epoxy-FA was divided by the concentration of the corresponding dihydroxy-FA on individual level. The mean and SD of the ratio is shown for the total study population and normo-vs. hyperlipidemic groups. All variables were normally distributed. 1 Significant differences in group means were determined by independent sample t-test. Table 4 Correlation between serum oxylipin concentration and the percentage of the parent PUFA (LA, AA, ALA, EPA, and DHA) in erythrocyte membranes.
Only those oxylipins are presented, where a significant correlation (correlation coefficient ≥ 0.5 and p≤0.05) could be observed. The analysis was carried out in the total study population and independently in the in normo-and hyperlipidemic subgroups. 
